Abstract: This study presents a vibration control using actively tunable vibration absorbers (ATVA) to suppress vibration of a thin plate. The ATVA's is made of a sandwich hollow structure embedded with the electrorheological fluid (ERF). ERF is considered to be one of the most important smart fluids and it is suitable to be embedded in a smart structure due to its controllable viscosity property.
Introduction
Smart materials and vibration control technology can suppress vibration of flight vehicles and allow them to operate beyond the traditional flutter boundary, improve ride comfort, and minimize vibration fatigue damage [1] . Due to the controllable and varied physical properties of smart materials, they are also used for living infrastructures and mechanical structures, and seismic vibration controls for decades . Smart materials and structures that possess electromechanical characteristics have been widely used for active vibration control or semi-active vibration control, such as piezoelectric damper [4] [5] [6] [7] [8] , eddy current damper [9] , magnetostrictive spring [10] , magneto-rheological fluid (MRF) damper [11] [12] [13] , electro-rheological fluid (ERF) damper [14] [15] [16] [17] , shape memory alloy (SMA) [18] [19] [20] [21] , electromagnetic and piezo-electrical shunt damper [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] . Smart materials have one or more properties changed by the external stimuli, such as temperature, stress, electric or magnetic fields. Active vibration control uses piezo-electrical ceramics to generate the force or displacement based on the external applied voltage [4] [5] [6] [7] [8] [9] . To suppress the structure's vibration, ERF and MRF dampers are widely used as semi-active element in suspension systems [11] [12] [13] [14] [15] [16] [17] . ER and MR fluids are transformed from the liquid state into the solid state in milliseconds by applying an electric or a magnetic field. Shape memory alloys can change its material properties based on temperature [18] [19] [20] [21] .
Since Frahm proposed the original dynamic vibration absorber (DVA) in these decades,
DVAs are successfully applied in the vibration control of civil structures, naval architectures, and aerospace [36, 37] . The DVA consist of a stiffness element, a damping component, and an oscillator.
The working principle of the DVA is to transfer the vibration energy to the oscillators by a specified design for a certain frequency range. Because the effective working frequency span of DVAs is narrow only for a certain designed frequency range, Den Hartog et al. considered the optimal tuning of the absorber parameters including damping to improve the DVA's design [38] .
Furthermore, the optimal determinations of parameters were investigated for the absorber with nonlinear damping and different loading characteristics in the following literatures [39] . Among the above studies, the absorbers' parameters are constant and time invariant; therefore, the vibration absorber is passive.
To improve the performance of the passive vibration absorbers, many researchers investigated semi-active and active designs [40, 41] . The semi-active absorbers have the capability of tuning their working resonant frequencies by adjusting the stiffness and/or damping of the absorbers. One of the adjustments can be realized either through the active change of geometry or through the material properties of the constituents. Thus, they are called actively tuned vibration absorbers (ATVAs) [42] . The other types of ATVA are made of the smart materials whose physical properties can be controlled by the external input. Among all ATVA designs, the ones involved with the use of smart materials, such as piezoelectric materials [4] [5] [6] [7] [8] [9] , magnetorheological elastomer (MRE) [12] , electrorheological fluid (ERF) [16, 17] , and shape memory alloy and shape memory polymer [19] , are frequently seen. ATVAs have advantages of being more stable in system performance and simpler in controller design.
The ER fluid consists of micrometer-size dielectric particles in insulating liquid. The ERF can change from a liquid to a gel in times of milliseconds and its apparent viscosity can be changed reversibly in response to the external electric field. Moreover, ERF can be transformed rapidly from a fluid-like state to a solid-like state as an external electric field is applied. Since the ER effect was firstly discovered by Winslow [43] , many ER systems have been developed [44] [45] [46] [47] [48] [49] . The progress of ER materials has been studied in mechanisms and properties including water-containing system such as silica gel, poly, cellulose, and water-free system such as aluminosilicate, carbonaceous, semiconducting polymers in several literature reviews [50] [51] [52] [53] [54] [55] . [16, 17] . However, the accurate parameters of ERF models are generally difficult to obtain and the modeling uncertainties of the ATVA always exists.
Zadeh proposed sophisticated kinds of fuzzy sets, the first of which he called a type-2 fuzzy set [62] . Type-2 fuzzy sets can handle the uncertainties of the type-1 fuzzy set, because the membership functions of type-1 fuzzy sets do not have uncertainties associated with them. Even though Zadeh proposed the type-2 fuzzy sets in 1976; however, applications using type-1 fuzzy sets are much more than on type-2 fuzzy sets for decades [63] . Recently, more and more researchers around the world are studying about type-2 fuzzy sets and systems for various applications [64] [65] [66] [67] [68] [69] [70] [71] [72] . Different from the type-1 fuzzy set, the membership function of a general type-2 fuzzy set is three-dimensional, where the third dimension is the value of the membership function at each point on its two-dimensional domain that is called its footprint of uncertainty (FOU). To reduce the complicated computation of type-2 fuzzy set, an interval type-2 fuzzy set was proposed. For the interval type-2 fuzzy set, the third-dimension value is the same everywhere. As a result, the third dimension is ignored and only the FOU is used to describe it. Type-2 fuzzy sets are very wide applicability recently in rule-based fuzzy logic systems (FLSs), because Type-2 fuzzy sets can deal with uncertainties which cannot be modeled by type-1 fuzzy sets [63] . In this study, to improve the performance of the ATVA, a
Type2-fuzzy semi-active controller is proposed to deal with the modelling uncertainties in this study.
This paper is organized as follows. Section 2 describes the fabrication of the ERF sandwich beam and the characteristic measurement of the ERF embedded ATVA in the frequency domain.
It also describes the experimental setup to measure the dynamic response of the ERF embedded sandwich beam. Section 3 describes the design and analysis of a thin plate with the ERF embedded ATVA to suppress its stationary random vibration. The governing equations for this structure were derived by using principle of minimum total potential energy. The ANSYS software is used to simulate the vibration's frequency response for the different applied electrical field to the ERF. In Section 4, the frequency response of the smart structure is measured to establish the fuzzy expert database for the vibration controller. Based on the experimental results, a Type-2 fuzzy controller is proposed to accomplish the semi-active vibration control. In Section 5, the real-time vibration control is performed to validate the proposed controller using NI compact RIO.
Finally, Section 5 draws conclusions.
Sandwich-type ATVA with ER materials embedded

Fabrication of ER fulid and design of the sandwich ATVA with ER materials embedded
Before equiping a thin plate with ER embedded ATVAs, we investigate the vibration's frequency response of a sandwich plate with ER material embedded between two plates. The design of the sandwich beam with ER material embedded is as same as our previous reasearch in [16, 17] . Figure 1 describes a schematic diagram of a sandwich beam embedded with ER material. The top and bottom plates of sandwich beam are made of aluminum with the thickness of 0.3mm. The ERF dam has four edges made of rubber and the ER fluid is confined in the volume between the rubber edges and aluminum plates. The ER fluid consists of two components: corn starch and silicon oil (KF-96-20cs), where the wight fraction of the corn-starch suspensions is almost 45%~50%. The two aluminum plates also play as the electrodes of the applied electrical field. An acrylic pad is used as the rigidity for the clamped side. The dimensions and the specifications of the ATVA are described in Table 1 . Figure 2 depicts a schematic diagram of the experimental setup for measuring the dynamic characteristics of the sandwich beam with ER fluid embedded. To measure the vibration response of the ERF embedded sandwich beam as the different external electrical field is applied, the experimental process is similar to our previous researches as follows [16, 17] . (6) Using the frequency response experiments can obtain the relationship between the frequency response and the applied electric field to the ER fluid. Based on the experiment setup of Fig. 2 , Figure 3 shows the frequency response of the ERF embedded sandwich beam for the corresponding electrical field. According to the results in Fig. 3 , the half-power point method is used to obtain the damping ratios for each external electrical field as shown in Table 2 [16]. 3. Design and analysis of the ERF embedded ATVA for a plate structure
Governing equations of the ERF embedded beam
Before we investigate vibration control of a thin plate using the self-designed ERF embedded ATVA, the characteristics of the sandwich plate with ER material embedded between two plates should be studied at first. Consider a sandwich plate with ER material embedded between two face plates as shown in Fig. 4 , the governing equations for this structure were derived by using principle of minimum total potential energy and written as following [14] : 
, where ρi, hi are the mass density and thickness of the i th layer, respectively.
is the height between the mid-planes of the face-plates. E, G, ν are the Young's modulus, shear modulus and Poisson's ratio of the plates while Gx and Gy are the shear moduli of the ER core in x and y axes, respectively. In the above equations, u1, v1, u3, v3 denote the in-plane displacements at mid-planes of the bottom and the top plates, and w represents the same lateral displacement for all three layers. It should be mentioned that only the kinetic energies associated with the displacements in three axial directions are considered whereas the rotary inertia for all layers is neglected.
Simulation study to obtain a suitable width of the ERF embedded ATVA for a plate using ANSYS
In the present work, an 1-mm-thick 6061 aluminum alloy plate (shown in Figure 5 ) is used for studying the semi-active vibration control. Figure 5 shows that two ERF embedded ATVA are attached to the plate and the plate is made of 6061 aluminum alloy with the dimension of 200x200x0.5 (mm). In this case study, the width of the ERF embedded beam is limited in the range of 20~36 mm; to obtain the suitable width of the ERF embedded ATVA for this plate structure, the ANSYS software is used to simulate the vibration's frequency response for the different applied electrical field to the ERF. 2  2  2  3  3  3  3  3  3  3 3  3  3  1  3  2  2  2  2  2  2  2   0  1 1 In this simulation study, the material properties of the ATVA is set up according to the viscous coefficients obtained by the previous experimental results (as shown in Table 2 ). Figure 6 shows the mode shapes of this plate structure with the ERF embedded ATVA at the first three vibration modes using ANSYS software. When the applied electrical fields of 0kV/mm and 2kV/mm is applied to the ERF embedded ATVA, we can obtain the frequency shifts of this structure equipped with the ERF embedded ATVA at the first three vibration models. To obtain the suitable width of the ERF embedded ATVA and its width is changed from 20 to 36 mm in the simulation studies. With the ERF embedded ATVA whose width of 20~36 (mm), Table 2 shows the resulting frequency shifts at the vibration models of this structure as the electrical field is changed from 0 to 2kV/mm. The simulation results show that the ATVA can change the resonant frequencies of the main structure as the different external electrical field is applied. Therefore, the vibration of the main structure can be controlled if the suitable electrical field is applied to the ERF embedded ATVA. Based on the simulation results in Table 2 , to obtain the superior performance of suppressing vibration for the ATVA, the ATVA's width is chosen as 36 mm in the following experimental setup, because the summation of the frequency shifts at the first three mode is maximal as w=36. With using the ANSYS software to simulate the vibration's frequency response for the different applied electrical field to the ERF, Figure 7 shows the frequency responses of the plate structure with the ERF embedded ATVA (w=36) as the different electrical fields are applied ( 0kV/mm ~ 2kV/mm). To validate the simulation result, the experimental setup for frequency measurements is presented in the following section. Fig. (8b) ) located at the structure for the experiments to obtain its dynamic properties. The eddy-current displacement probe is located at the 26 th point and the impact hammer hits the other 35 points to obtain the frequency responses. According to the experimental results, the mode shapes of the first three modes are obtained as shown in Fig. 9 . Comparing the mode shapes of simulation results ( Fig. 6 ) with the experimental outcome (Fig. 9) , we found that the experimental data was consistent with simulation results.
Moreover, the experimental data (in Fig. 9 ) can help us to determine the suitable points for the following case studies, because the displacement probe and the stimualting input should not be located at vibration nodes to improve the precision of the frequency response. Fig. 10 presents the experimental setup to measure the dynamic properties of the structure with different external electrical filed. For measuring the vibration mode of the structure, an electromagnetic shaker is used to stimulate the structure as shown in Fig. 10 . During measurement, a random excitation signal was generated by the dynamic signal analyzer and further amplified by the amplifier to drive the shaker. One eddy-current displacement probe was used to measure the input and the other one was used to measure the output displacement with the largest amplitude at each vibration mode. Tables 4-6 2kV/mm) were applied. Based on the experimental data in Table 4 , the damping ratios of the ATVA can be obtained.
According to the experimental results in Table 4 , the first-mode frequency is changed from 11.625 to 13.375 (Hz) when the external electrical field varies from 0 to 2 (kV/mm); the variation of the frequency is 15.05% and the variation of the amplitude is almost 37.01% (from 16.1 dB to 10.14 dB). In Table 5 , the second-mode frequency is changed from 18.375 to 18.5 (Hz) when the external electrical field varies from 0 to 2 (kV/mm); the variation of the frequency is only 0.68%. Because the amplitude of E=0 kV/mm is 17.87dB and the amplitude of E=1 kV/mm is 12.42dB, the maximal variation of the amplitude is almost 30.49% for the second mode. In Table 6 , the third-mode 
Semi-active vibration control of the thin plate using the ERF embedded ATVA
Experimental setup for the thin plate with board-band vibrations
In our previous research, we have designed a semi-active controller for the cantilever beam equipped with the ERF embedded ATVA for the vibration at specified frequencies []. However, the thin plate's vibration mode shape is different from the cantilever beam. Fig. 9 shows the plate's vibration modes, where the locations with the maximum displacement vary with the vibration modes. As shown in Fig. 9(a) , the first mode shape of the plate is similar to the one of the cantilever beam; the maximum displacement appears at the free end. Therefore, to measure the vibration of the first mode, the displacement sensor can be located at the line of the free end.
However, as shown in Fig. 9 (b) , the maximum displacement of the second mode appears at the both side of the free end. If we need to measure the vibrations of the first and second modes, the middle point of the free end is not a good choice to locate the displacement sensor. Even though the middle point of the free end can measure the vibration of the first mode, this location is not sensitive to the vibration of the second mode. As a result, to measure the vibration of the second mode, the displacement sensor should be located at the both side of the free end. With observing the mode shape of the third mode in Fig. 9 (c), we found that the location with the maximum displacement appears at the middle point of the free end for the third vibration mode. Therefore, to measure the vibration of the third mode, we need to locate the sensor at the middle point to obtain the better sensitivity to the vibrations. Obviously, the choice of displacement sensor's location of the third mode is in conflict with the ones of the first and second modes.
With consideration of measuring the board-band vibrations, we proposed to use two displacement sensors to measure the response of the plate for the different vibration modes. On one hand, an eddy-current displacement sensor is located at the upper side of the free end to measure the vibrations of the first and second modes; on the other hand, the other displacement sensor is located at the middle of the free end to measure the vibration of the third mode. Figure In this paper, we proposed a type-2 fuzzy controller, which has two inputs and one output as shown in Fig. 11 . The first input is the vibration frequency, which is obtained by fast-Fourier 
Semi-active vibration control using the interval type-2 fuzzy
The fuzzy rules of semi-active control are usually obtained by the expert database or the relation between input and output by experimental results []. In this paper, to establish the fuzzy controller's rule bass at the different frequencies, we measure the vibration response of the structure with the ERF ATVA with different applied electrical field at different frequency; then, according to the experimental results, the optimal electrical field at the different frequency is recorded to establish the expert database of the fuzzy rules.
In all experiments, a sinusoidal signal is input to the shaker's amplifier at follows.
, where A is the amplitude of the input signal and f is the frequency of the sinusoidal signal.
The signal is amplified to drive the electromagnetic vibration shaker (LDS PA500L) and then the shaker provides the stimulating vibration to the structure. Consequently, the electrical field of the ATVA is tuned at the different levels of 0~2 (kV/mm) to perform the vibration experiments; the vibration displacement of the structure is measured by the eddy-current displacement sensors and recorded by the NI CRIO 9074 simultaneously.
For an external vibration produced by the shaker with the sinusoidal signals of the different amplitudes at 8~80Hz, Tables 7-10 record the frequency responses of this smart structure with respect to the different external electrical field applied to ERF, where the vibration displacement is computed by using the root mean square (RMS) value of the eddy-current sensor's output. In these tables, the smaller RMS value of displacement sensor implies that the ATVA has the better ability of absorbing vibration. In the same column, the bold-face type number shows that the structure has the smaller vibration with suffering the same external vibration. For example, check the first column of Table 7 , if A=50 (mV) and f=8 (Hz), the best choice for the controller is E=1.5 (kV/mm), because the vibration displacement of the structure is the smallest with this electrical field of E=1.5 (kV/mm). Tables 7-9 , it is obvious that the relation between the optimal electrical field and the vibration frequency of the smart structure is nonlinear. In some cases, the amplitude of vibration is also influence the performance of the proposed ATVA. Therefore, we need to design a semi-active vibration controller to produce the optimal electrical field with respect to the vibration.
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Because of the nonlinear relation between the optimal electrical field and the ability of absorbing vibration, a type-2 fuzzy controller is proposed to establish the input-output mapping according to the experimental results. Type-2 fuzzy controller design for ATVA:
An interval type-2 Fuzzy Logic System (FLS) is studied for vibration control in presence of system modeling uncertainties [7] . The type-2 fuzzy system has a similar structure with type-1 fuzzy, but the major difference is that the rule base has antecedents and consequents using type-2 Membership fuzzy sets. First, the first mode of vibration is considered, a Gaussian function with a known standard deviation and a uniform weighting were used to represent a footprint of uncertainty as shaded in Fig. 12 . Because of using such a uniform weighting, it is usually called an interval type-2 fuzzy set (IT2FS) [49] . For the IT2FS, a type-reducer is needed to convert to a type-1 fuzzy set before defuzzification is carried out as shown in Fig. 13 . To obtain the output of the IT2FS, we need two fuzzy rule tables; however, the same fuzzy rule table is used in this case as shown in Table 10 . After obtaining the inference output, the type-reducer and defuzzifier are used to obtain the input-output relation and the two signals ( , f) were fed back to the proposed fuzzy controller. For type-2 fuzzy system, Fig. 14 shows the inference operation to obtain the output by using the following equations. After obtaining the inference output, we used the type-reducer and defuzzifier to obtain the input-output relation as shown in Fig. 15 .
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, where N is the number of the inputs.
Fig. 14. Inference operation to obtain the output.
As shown in Fig. 15 , we can the optimal voltage by the input-output lookup relation of the fuzzy controller. Then, the proposed semi-active vibration controller generates the required voltage through the high voltage power amplifier to actuate the ATVA for absorbing vibration. According to Table 8 -10, the input-output relation of the type-2 fuzzy controller are shown in Fig. 16 for the second and third modes. It is obvious that the fuzzy rules are different from the fuzzy rule of the first vibration mode. Therefore, for the different vibration mode, we should tune the electrical field according to the specified rules in Fig. 15-16 . Therefore, the fuzzy controller should have the adaptive tuning ability to obtain the superior performance for the vibration with varying frequency.
Consequently, we proposed a type-2 fuzzy controller with a switching-mode rule as follows. 
Semi-active vibration controller with a switching-mode rule for ATVA
Because of the nonlinear dynamic properties of the ERF embedded ATVA with response to the vibration at different frequencies, a semi-active vibration control with a switching-mode rule is proposed to determine the optimal electrical field for the ATVA. There are two reasons why the switching action is necessary. The first reason is that the location with the maximum displacement may vary for the different vibration mode. Therefore, in Section 4.1, we proposed to use two displacement sensors to measure the response of the plate for the different vibration mode to obtain the better vibration measurement. The second reason is that the electrical field of the ATVA should be adaptively tuned for the different vibration mode (as shown in Fig. 14-15 ) to obtain the superior ability of absorbing vibration for the ATVA. Therefore, we proposed a fuzzy controller of the ATVA for attenuating the undesired vibration by using the frequency-dependent control strategy [7] . look-up tables as shown in Fig. 15-16 . Second, the displacements of the structure is captured by the CRIO 9074. Third, the vibration frequency is obtained from the FFT of the displacements. Then, the real-time program uses the resulting frequency to distinguish which the vibration mode is and it switch the input to the suitable controller to produce the control voltage. With the external vibration at the frequency close to the first vibration mode of the structure, Fig. 19 shows that the type-2 fuzzy controller has the better vibration-reduction ability with the frequency of 8(Hz), whose VRR is 81.5%. The VRR with the frequency of 8 Hz is better than the one with the frequency of 10 (Hz), whose reduction rate is 36.1%. When the external vibration's frequency is close to the second vibration mode, Fig. 20 shows that the proposed controller has the VRR of about 40%. With the external vibration at the frequency close to the third mode of the structure, Fig. 21 shows that the proposed type-2 fuzzy controller has the best performance at the frequency of 77(Hz), whose VRR is about 89%. Table 11 summarizes the results at the frequencies of 8, 10, 18, 20, 75 and 77 (Hz) using the proposed controller, the experimental results is compared with the ones using type-1 fuzzy controller [16] in the previous studies. According to the experimental results, the proposed type-2 fuzzy controller has the better performance of absorbing vibration than the type-1 fuzzy control. 
Case II: External vibration with the varying frequency
To test the applicability of the proposed fuzzy controller for the external vibration with the varying frequency, an external excitation of 8 Hz was applied to the main structure at t=0 (second) and then we changed the frequency of the excitation from 8 to 16 (Hz) at t=3 (second). Figure 22 shows the time response of the structure's displacement for the real-time experiment. Fig. 22 validates that the proposed fuzzy controller has the adaptive ability to suppress vibration efficiently and rapidly, even if the frequency of external vibration is changed. Figure 22 shows that the VRR of the proposed control at the frequency of 8 (Hz) is almost 86.5% with the electrical field output of 2kV/mm, which is consistent with the previous result in Fig. 19 . Hz, the proposed type-2 fuzzy controller has the better VRR than the type-1 fuzzy control. 
Conclusions
A semi-active fuzzy controller for using a self-designed actively tunable vibration absorbers (ATVA) is presented to suppress vibration of a thin plate. The ATVA's is made of a sandwich hollow structure embedded with the electrorheological fluid (ERF). To implement the proposed fuzzy controller, the fuzzy rules are determined based on the experimental database for specified frequencies and amplitudes. Because there are uncertainties in modelling of the nonlinear characteristics of ERTVA, the proposed type-2 fuzzy controller shows the better performance than the type-1 fuzzy controller. To confirm the consistency of the simulation and experimental results, the proposed controllers are implemented in the real-time embedded controller (NI CompactRIO 9074). The experimental results show the fact that the proposed ATVA has the superior ability of absorbing vibration for this plate at the first and third vibration modes (8 Hz and 77 Hz). The vibration reduction rate (VRR) of the plate structure using the proposed ATVA is 81.5% for the first vibration mode. For the second vibration model, the VRR of the plate structure using the proposed ATVA is 40.9%. The proposed type-2 fuzzy controller has the best performance at the frequency of 77(Hz), whose VRR is about 89%. The experimental results verified the effectiveness of the proposed semi-active vibration controller using the interval type-2 fuzzy system.
